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Keywords:
Calcium channelLow-voltage-activated (LVA) T-type Ca2+ channels differ from their high-voltage-activated (HVA) homo-
logues by unique biophysical properties. Hence, whereas HVA channels convert action potentials into intra-
cellular Ca2+ elevations, T-type channels control Ca2+ entry during small depolarizations around the resting
membrane potential. They play an important role in electrical activities by generating low-threshold burst
discharges that occur during various physiological and pathological forms of neuronal rhythmogenesis. In ad-
dition, they mediate a previously unrecognized function in the control of synaptic transmission where they
directly trigger the release of neurotransmitters at rest. In this review, we summarize our present knowledge
of the role of T-type Ca2+ channels in vesicular exocytosis, and emphasize the critical importance of localiz-
ing the exocytosis machinery close to the Ca2+ source for reliable synaptic transmission. This article is part of
a Special Issue entitled: Calcium channels.
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rights reserved.1. Introduction
1.1. Voltage-gated calcium channels: an overview
Voltage-gated Ca2+ channels (VGCCs) are plasma membrane pro-
teins that convert an electrical signal into intracellular Ca2+ elevations.
To date, 10 genes encoding the pore-forming subunits of mammalian
VGCCs have been identiﬁed. 7 genes encode the high-voltage‐
activated (HVA) channel subfamily (comprising L-type (Cav1.1 to
1580 N. Weiss, G.W. Zamponi / Biochimica et Biophysica Acta 1828 (2013) 1579–1586Cav1.4), P/Q-type (Cav2.1), N-type (Cav2.2) and R-type (Cav2.3) chan-
nels) and 3 genes encode the low-voltage-activated (LVA) channel sub-
family (composed exclusively of T-type (Cav3.1 to Cav3.3) [1]. In
addition to the Cav pore-forming subunit, HVA channels are surrounded
by auxiliary subunits: β (β1 to β4, a 55 kDa cytosolic protein of the
MAGUK (membrane-associated guanylate kinase) family), α2δ (α2δ1
to α2δ4, a 170 kDa highly glycosylated extracellular protein with a sin-
gle transmembrane domain), and in some cases γ (γ1 to γ8, a 33 kDa
transmembrane protein) [2], leading to a wide diversity of native chan-
nels [3]. To date, no ancillary subunit has been clearly identiﬁed for LVA
channels [4]. VGCCs are widely expressed throughout the central ner-
vous system and besides their implication in a large range of cellular
and physiological processes including neurite outgrowth [5,6], gene
transcription [7] and others [8], one of their primary functions is to trig-
ger neurotransmitter release [9].
1.2. Basic principles of neuronal voltage-dependent exocytosis
Depolarization-evoked neurotransmitter release relies on the Ca2+-
regulated release of quantal packets of neurotransmitters following the
fusion of presynaptic vesicles with the plasma membrane [10]. It is well
known that neuronal voltage-gated Ca2+ channels, by converting electri-
cal signals into intracellular Ca2+ elevations, support a transient Ca2+
microdomain of high concentration (around 10 to 50 μM) [11] within
the active zone of the synapse that is essential for fast (within 200 μs
after the arrival of the action potential) vesicular exocytosis [12–14]. Im-
munohistochemical characterization of presynaptic Ca2+ channel
isoforms [15–19] combined with pharmacological studies using speciﬁc
Ca2+ channel blockers [9,20–23] has identiﬁed HVA Cav2.1 and Cav2.2
channels as the main Ca2+ channels involved in synaptic exocytosis.
However, because of the high Ca2+ buffering capability of neurons [24]
and the consequent limited diffusion of free Ca2+ ions, proper presynap-
tic localization of Ca2+ channels, although essential, is not sufﬁcient to
trigger fast and efﬁcient neurotransmitter release. Hence, a remarkable
feature of mammalian Cav2.1 and Cav2.2 channels is their ability to bio-
chemically couple with the vesicle-docking/release machinery. This
interaction relies on the direct binding of certain components of the
vesicle release machinery including the SNARE proteins (soluble NSF
(N-ethylmaleimide-sensitive fusion protein) attachment protein recep-
tor) syntaxin-1A/B and SNAP-25 (synaptosomal-associated protein 25),
and the non-SNARE protein synaptotagmin-1, with a synaptic protein
interaction site (synprint) located within the intracellular loop between
domains II and III of the Cav2.1 [25] and Cav2.2 [26] channels. This inter-
action is fundamental for localizing the exocytosis machinery close to
the source of Ca2+, and disrupting the interaction between SNARE pro-
teins and the channels, by using peptides derived from the synprint do-
main or by direct deletion of the synprint site, impaired synaptic
transmission [27–32]. In turn, the vesicle release machinery produces
a feedback modulation of channel activity that dynamically ﬁne tunes
Ca2+ entry and synaptic exocytosis (for review see [33–38]). Other pos-
sible roles ofmolecular coupling of VGCCswith the vesicular releasema-
chinery such as modulation of channel activity have also been proposed
[39–46] but will not be discussed because they are outside the scope of
this review.
1.3. Voltage-dependent exocytosis beyond the synprint site
Although biochemical coupling of VGCCs with the vesicular release
machinery is unambiguously of key importance for fast and efﬁcient
neurotransmitter release, there is evidence that some other channel
isoforms than Cav2.1 and Cav2.2, although devoid of the consensus
synprint site, functionally contribute to presynaptic Ca2+ elevations
and neurotransmitter release. Indeed, a presynaptic localization of
Cav2.3 channels in central neurons at early developmental stages has
been reported [19,47–49], where they functionally trigger synaptic
transmission [50–52] by contributing to the Ca2+ elevation intopresynaptic terminals [53,54]. The rationale for this observation is that
Cav2.3 channels can functionally couple to the vesicular releasemachin-
ery and trigger exocytosis despite the lack of consensus synprint site.
Considering the critical importance of biochemical coupling between
Cav2.1 and Cav2.2 channels with synaptic vesicles, this observation
might suggest the existence of other molecular coupling determinants
independent of the synprint site, such as a role of the calcium channel
β-subunit as previously proposed [55], or simply via other channel re-
gions. Similarly, it has been reported that Cav1.4 channels control syn-
aptic transmission in rod photoreceptor terminals [56,57], as well as
in hippocampal [58] and cerebral cortical neurons [59]. Finally, the ob-
servation that some neurons can release signiﬁcant amounts of neuro-
transmitters below the voltage threshold of action potentials has
suggested the possible involvement of another source of Ca2+ ions, in-
dependent of HVA channel activation. Hence, there is increasing evi-
dence that low voltage-activated T-type channels can trigger fast and
low-threshold exocytosis [60–63]. In this review, we summarize our
present knowledge on the role of T-type Ca2+ channels in the control
of vesicular exocytosis, and propose a possible common molecular
mechanism that HVA Cav2.1 and Cav2.2 channels and LVA channels
share to control voltage-dependent exocytosis.
2. T-type calcium channels mediate low-threshold exocytosis
Since their functional discovery in the mid eighties [64–68], and
their molecular cloning 14 years later [69–71], low-voltage‐activated
Ca2+ channels have been implicated in an increasing number of
physiological and pathological functions (for review see [72–76]).
Although T-type channels may require a preceding period of hyperpo-
larization to recover from inactivation when neurons are partially
depolarized at rest, their low threshold of activation makes these chan-
nels important candidates for Ca2+ entry near the resting membrane
potential of the cells. Hence, they mediate low-threshold burst dis-
charges [77,78] that occur during different forms of neuronal
rhythmogenesis [79–82]. Moreover, in some situations, LVA channels
remain open at rest leading to a permanent resting Ca2+ inﬂux (win-
dow currents), that has been shown to be important for cell prolifera-
tion and differentiation [83]. Additionally, they are involved in
dendritic integration [84–87], sensory transmission and integration
[88–91], hormone release [92] as well as in some forms of epilepsy
[75,76,93]. Finally, the observation that some neurons can release sig-
niﬁcant amounts of neurotransmitters around the resting membrane
potential has uncovered an unexpected role of T-type channels in the
control of vesicular exocytosis.
2.1. T-type channels mediate exocytosis in neurons
2.1.1. T-type channels contribute to graded synaptic transmission in
heart interneurons of the leech
LVA Ca2+ currents were ﬁrst implicated in synaptic transmission in
1991 by Angstadt and Calabrese in oscillatory heart interneurons of
the leech [94]. In the leech, rhythmic contractions of the two lateral
heart tubes are controlled by a central neural oscillator comprised of 2
bilateral pairs of rhythmically active heart interneurons (ganglia G3
and G4) that make direct reciprocal inhibitory synaptic connections
across the ganglia, inhibiting one another via both spike and graded-
mediated transmission.Whereas high-threshold Ca2+ currents underlie
spike-mediated inhibition [95], low-threshold Ca2+ currents appear to
underlie graded transmission [94]. Electrophysiological recordings of
presynaptic low-threshold Ca2+ currents (in response tomembrane de-
polarizations at −35 mV) combined with the recording of inhibitory
post-synaptic currents (IPSCs) have revealed a strong correlation
between the rise of Ca2+ ﬂuorescence measured in ﬁne neuritic
branches of heart interneurons near the region of their synaptic contact
with their contralateral partner, and the amount of transmitter released
(estimated by the integral of IPSCs). Although depolarizing voltage
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also recruit, to some extent, HVA channels, these results suggested for
the ﬁrst time a possible role of low-threshold Ca2+ currents in the re-
lease of neurotransmitters [61]. Moreover, pharmacological inhibition
of HVA channels by application of 150 μM Cd2+ (that nonspeciﬁcally
block all HVA channels including the Cav1.4 channel that compared to
the other L-type channel isoforms displays a relatively low-threshold
of activation [96]) had no effect on the presynaptic low-threshold
Ca2+ ﬂuorescence rise, suggesting that T-type channels underlie
the low-threshold Ca2+ currents that control graded synaptic transmis-
sion. In addition, besides controlling graded synaptic transmission, low-
threshold Ca2+ currents have been shown to modulate spike-mediated
transmission by modulating background Ca2+ concentration [97]. Alto-
gether, these results unequivocally indicate that low-threshold Ca2+
channels contribute to synaptic transmission by triggering neurotrans-
mitter release in heart interneurons of the leech.
2.1.2. T-type channels contribute to graded synaptic transmission in retinal
bipolar cells
A role for T-type Ca2+ channels in graded synaptic transmission has
also been shown for retinal bipolar cells. These cells receive light-
evoked presynaptic inputs from rod and cone photoreceptors and
transmit the signal to ganglion cells, directly or indirectly via amacrine
cells. Like heart interneurons of the leech, bipolar cells communicate
via graded potentials, rather than action potentials [98]. Although it
was initially reported that transmitter release is mediated exclusively
by L-type Ca2+ channels [99–101], evidence exists in support of a
T-type channel contribution. Besides HVA channels, a low-voltage-
activated Ca2+ current has also been reported [102–105], and consis-
tent with the presence of a LVA current, expression of T-type channels
has been shown at the mRNA level for Cav3.1, Cav3.2 and Cav3.3
isoforms [62]. In addition to the functional expression of T-type chan-
nels, low membrane depolarization to −40 mV produces a robust
Ca2+-dependent increase in membrane capacitance (indicative of exo-
cytosis events and neurotransmitter release) and is fully blocked by ap-
plication of 10 μM mibefradil, a T-type channel inhibitor, suggesting
that LVA Ca2+ channels may contribute to neurotransmitter release
[62]. It is worth noting that the use of mibefradil should be considered
with caution. Although initially reported as a speciﬁc T-type channel in-
hibitor [106], mibefradil is also a potent R-type channel antagonist at
concentrations as low as 1 μM [107]. Hence, although pharmacological
inhibition of L-type channels by nimodipine (5 μM) [108] had no effect
on the depolarization-induced cell capacitance increase at −40 mV, a
contribution of R-type channels cannot be totally excluded and further
investigations will be required to deﬁnitively validate the contribution
of T-type channels in neurotransmitter release from retinal bipolar cells.
2.1.3. T-type channels contribute to dendritic GABA release in the olfactory
bulb
Granule cells of the olfactory bulb are axonless inhibitory interneu-
rons that mediate lateral inhibition of mitral and tufted cells via
dendro-dendric synapses. Although Ca2+ entry through N-methyl-D-
aspartate receptors (NMDARs) and Ca2+ release from intracellular
stores both contribute to GABA release from granule cell dendrites
[109], a participation of T-type Ca2+ channels has also been proposed.
Indeed, mRNA expression of the three T-type channels isoforms has
been reported in granule cells [110]. Measurement of intracellular
Ca2+ by two-photon imaging has revealed the presence of Ca2+ tran-
sients in spines consistent with the biophysical properties of T-type
channels: it requires a period of hyperpolarization, and is sensitive to
T-type channel inhibitors Ni2+ and mibefradil [63]. In addition,
mibefradil has been shown to reduce action potential-mediated synap-
tic transmission from granule to mitral cells, suggesting that T-type
Ca2+ channels may contribute, to some extent, to the release of GABA
via backpropagation of action potentials from the granule cell soma to
spines. Although the use of mibefradil as a T-type channel inhibitorhas to be considered carefully, these observations clearly highlight the
participation of T-type Ca2+ channels in spine Ca2+ dynamics and
their role in the olfactory bulb.
2.1.4. T-type channels contribute to GABA release from perisomatic
interneurons
A role of T-type Ca2+ channels in the release of GABA has also
been reported in hippocampal perisomatic-targeting interneurons.
These cells express receptors for numerous neurotransmitters includ-
ing nicotinic acetylcholine receptors (nAChRs), enabling them to re-
spond to inﬂuences triggered by many environmental stimuli, and
to ﬁne tune pyramidal cell behavior [111]. Interestingly, local activa-
tion of axonal α3β4 nAChRs by microiontophoretic pulses of acetyl-
choline (ACh) has been shown to stimulate a TTX-insensitive
release of GABA (monitored by recording of miniature inhibitory
postsynaptic currents, mIPSCs) independently of the activation of
HVA Ca2+ channels. In contrast, this release of GABA is reportedly at-
tenuated by T-type Ca2+ channel inhibitors such as mibefadil (5 μM),
TTA-P2 (3 μM) or Ni2+ (10 μM), suggesting that activation of α3β4
nAChRs might be capable of depolarizing synaptic terminals enough
to induce GABA release via activation of T-type channels [112]. How-
ever, the observation that the occurrence of mIPSCs also depends on
the presynaptic intracellular Ca2+ stores suggest that Ca2+ inﬂux
through T-type channels might not be directly coupled to GABA re-
lease, but rather contribute to the mobilization of intracellular Ca2+
stores via a mechanism of Ca2+-induced Ca2+ release.
2.1.5. T-type channels contribute to glutamate release in nociceptive
neurons
T-type Ca2+ channels are highly expressed in sensory neurons
where they contribute to the transmission of nociceptive signals
[90,113,114]. Interestingly, a fraction of neurons of spinal laminae I
and II exhibit spontaneous miniature excitatory postsynaptic currents
(mEPSCs) sensitive to various LVA Ca2+ channel antagonists, but not
to antagonists of HVA channels that are known to abolish evoked-
EPSCs [115]. Hence, Ni2+ and mibefradil decrease mEPSC frequency
with little effect on fast-evoked EPSCs, suggesting a contribution of
T-type Ca2+ channels in the genesis of mEPSCs. In addition, small
membrane depolarizations induced by superfusion of low extracellu-
lar potassium concentration (5–10 mM) have been shown to signiﬁ-
cantly increase the occurrence of mEPSCs, and this is suppressed by
mibefradil but not by HVA Ca2+ channel antagonists. Consistent
with the idea that T-type Ca2+ channels may contribute to the release
of glutamate near the resting potential of nociceptive neurons, a spe-
ciﬁc expression of the Cav3.2 channel isoform has recently been
shown in lamina I projection neurons in the dorsal horn of the spinal
cord, and electrophysiological recordings performed on acute spinal
cord preparations from Cav3.2 knock-out mice have revealed a contri-
bution of these channels in the genesis of mEPSCs [116].
2.1.6. T-type channels contribute to glutamate release in cortical neurons
As previously noted, the availability of T-type channels is highly de-
pendent on the resting membrane potential of cells. Electron micros-
copy showed a colocalization of Cav3.2 T-type channels with HCN1
channels (hyperpolarization-activated cyclic nucleotide-gated channel
type 1) in glutamatergic cortical synaptic terminals contacting entorhi-
nal cortical layer III pyramidal neurons [117]. HCN1 channels generate
subthreshold (below −50 mV) Na+/K+ inward currents at rest
[118–120], thereby depolarizing the resting membrane potential, and
potentially decreasing T-type channel availability. Interestingly, appli-
cation of an HCN inhibitor (ZD-7288 [121]) or genetic ablation of
HCN1 channels has been reported to increase the occurrence of sponta-
neous mEPSCs in entorhinal cortical layer III neurons [117]. Whereas
pharmacological inhibition of HVA Ca2+ channels by speciﬁc inhibitors
had no effect on HCN current-dependent mEPSCs, blocking T-type
channels abolished the mEPSC increase, suggesting that T-type
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rons upon ablation of HCN currents. However, pharmacological inhibi-
tion of LVA Ca2+ current in wild-type neurons had no effect on basal
mEPSCs that are mostly generated by Ca2+ entry through HVA chan-
nels, indicating that under normal condition, T-type channels are kept
inactivated by the activity of HCN channels. That said, hyperpolarization
of the restingmembrane potentialmight recruit T-type channels that in
turn can efﬁciently contribute to synaptic transmission at rest. This
highlights the specialized role of T-type channels in the control of neu-
rotransmitter release near the resting membrane potential.
2.2. T-type channels mediate exocytosis in neuroendocrine cells
2.2.1. Exocytosis in chromafﬁn cells
A remarkable example of specialization of low-voltage-activated
Ca2+ channels in the control of neurotransmitter release in neurosecre-
tory cells arose from the Carbone group. These investigators showed
that when expressed at sufﬁcient density, T-type channels contribute
to the release of catecholamines in chromafﬁn cells. It is well known
that catecholamine secretion from adult chromafﬁn cells [122] ismostly
mediated by Ca2+ inﬂux via high-voltage-gated Ca2+ channels (i.e. L-,
P/Q-, N- and R-type channels) [123–126], while T-type channels are
usually absent from adult chromafﬁn cells [127–129]. However, expo-
sure of adult cells to cAMP treatment has been shown to induce
low-voltage-activated Ca2+ channel expression [130], and newly
expressed T-type channels have been found to effectively trigger a
low-threshold (−50/−40 mV) release of catecholamines [131]. Re-
cruitment of T-type channels in isolated adult chromafﬁn cells and
related-low-threshold release of catecholamines has also been observed
upon chronic hypoxia [60]. In addition, it has been reported that expos-
ing new born rats to intermittent hypoxia promotes the secretion of cat-
echolamines, a process that relies on the presence of T-type Ca2+
channels [132,133]. The transition from intra-uterine life is a critical
step of the development, often associatedwith a period of acute hypoxic
stress while the adrenal medulla acts as an oxygen (O2) sensor. This in
turn controls the release of catecholamines [134], a critical modulator
of cardiac activity and lung adaptation for breathing [135]. This control
of catecholamine secretion in response to O2 deprivation is particularly
important at early developmental stages, where splanchnic innerva-
tions of the adrenal medulla are not yet functional, and disappears at
later developmental stages. However, because HVA channels open at
relatively depolarized membrane potentials, their participation in
hypoxia-induced catecholamine secretion in the absence of innerva-
tions (and evoked action potentials) of the adrenal medulla [136] is un-
likely at early developmental stage. Hence, control of catecholamine
secretion by T-type Ca2+ channels appears essential for the acute re-
sponse of chromafﬁn cells to hypoxia during early developmental stages
[137,138]. Moreover, at later developmental stages, stimulation of the
adrenal medulla by the pituitary adenylate cyclase-activating peptide
(PACAP) released by the splanchnic nerve upon sympathetic stimula-
tion has been shown to cause a persistent subthreshold membrane de-
polarization (below the voltage threshold required to trigger action
potentials) of chromafﬁn cells and Ca2+-dependent release of catechol-
amines. This release relies on the phosphorylation-dependent recruit-
ment of Cav3.2 T-type channels by protein kinase C [139]. Altogether,
these results unambiguously demonstrate the fundamental role of
T-type Ca2+ channels in the control of low-threshold release of cate-
cholamines in chromafﬁn cells.
2.2.2. Exocytosis in other neurosecretory cell types
A functional coupling of low-voltage-gated Ca2+ channels has also
been shown in some other types of neurosecretory cells. Indeed, in pi-
tuitary melanotrope cells, T-type channels are also efﬁciently coupled
to the release of large-dense core vesicles, although their contribution
in terms of Ca2+ free concentration remains minor compared to the
Ca2+ inﬂux through HVA channels [140]. Moreover, a functionalcoupling of T-type channels with secretion has been reported in
MPC 9/3L cells, a mouse pheochromocytoma cell line. Compared to
primary neurosecretory cells, MPC 9/3 L are devoid of native VGCCs
but fully endowed with the vesicular release machinery [141].
When transfected with a recombinant Cav3.1 T-type channel, these
cells expressed a robust low-voltage-activated Ca2+ current, causing
a rapid increase in membrane capacitance, indicating that T-type
channels can functionally couple to vesicular exocytosis similarly to
that was reported in native primary chromafﬁn cells. Although exog-
enous expression of T-type channels in MPC 9/3L cells produces a
Ca2+ inﬂux that is larger than the low-voltage-activated current ob-
served in primary chromafﬁn cells, this model may offer opportuni-
ties to investigate the molecular mechanisms linking T-type Ca2+
channels to vesicular exocytosis.
3. Molecular mechanisms of T-type channel-dependent exocytosis
Although compelling evidence exists in favor of a contribution of
T-type Ca2+ channels in neurotransmitter release, themolecularmech-
anism by which these trigger low-threshold exocytosis has remained
largely unknown. In contrast to Cav2.1 and Cav2.2 channels that func-
tionally couple to neurotransmitter release by virtue of a biochemical
interaction between their synprint site and the vesicular release ma-
chinery, T-type channels lack the consensus synprint site. Although
this apparent molecular discrepancy may reﬂect particular forms of se-
cretion that LVA and HVA channels underlie, the observation that, in
neurosecretory cells, T-type channels, despite their very distinct gating
properties, couple with equal efﬁciency to neurotransmitter release as
HVA channels [140,142], might suggest the existence of a commonmo-
lecular mechanism for HVA and LVA channel-mediated exocytosis, at
least in neuroendocrine cells. We recently demonstrated that T-type
channels associate with SNARE proteins in central neurons [143]. In
contrast to HVA channels, syntaxin-1A and SNAP-25 appeared to bio-
chemically interact within the carboxy-terminal domain of the Cav3.2
subunit (Fig. 1A). Interestingly, despite different channel binding deter-
minants, electrophysiological recordings have revealed that binding of
syntaxin-1A onto Cav3.2 channels produces a potent channel gating
modulation that is further modulated by SNAP-25, similarly to what
was previously reported for Cav2.1 and Cav2.2 channels [144–148].
Moreover, our work revealed that besides controlling channel gating,
Cav3.2–SNAREs interaction underlies T-type-mediated exocytosis. In-
deed, introduction of Cav3.2 channels in MPC 9/3L cells produced a ro-
bust low-threshold-dependent increase in cell membrane capacitance
which was totally prevented by molecular uncoupling of Cav3.2 chan-
nels from SNARE proteins (Fig. 1B) [143]. Hence, similarly to HVA chan-
nels, a physical coupling between SNARE proteins and T-type channels
is critical for T-type-dependent exocytosis.
4. Conclusion
In this review, we illustrated the importance of T-type Ca2+ chan-
nels in the control of low-threshold exocytosis. Initially thought to ex-
clusively participate in electrical activity, T-type channels also
participate in the release of neurotransmitters in central neurons and
neurosecretory cells. As illustrated throughout this review, T-type chan-
nels, by generating action potential-independent sustained Ca2+ eleva-
tions, control a plethora of cellular and physiological functions
occurring near resting conditions including exocytosis. This role of
T-type channels in the control of low-threshold exocytosis might be
also critical in pathophysiology. For example, some forms of neuropath-
ic pain have been associated with an up-regulation of T-type channel
expression in nociceptive neurons [149], that might increase the occur-
rence of mEPSCs and thus lower pain sensation threshold. Moreover,
any alteration of the resting membrane potential of cells can alter
T-type-dependent synaptic transmission. Hence, down-regulation of
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Fig. 1. Biochemical coupling of T-type Ca2+ channels with SNARE proteins is required for low-threshold exocytosis. A, Putative membrane topology of Cav3.2 T-type Ca2+ channels
highlighting the biochemical binding of syntaxin-1A and SNAP-25 within the carboxy-terminal domain of the channel. B, Subthreshold membrane depolarization produces vesic-
ular exocytosis in MPC 9/3L cells expressing Cav3.2 channels (left panel). In contrast, uncoupling of T-type channels from SNARE proteins by coexpression of the Cav3.2 synprint-like
domain totally prevented low-threshold exocytosis (right panel), highlighting the critical importance of Cav3.2-SNAREs interaction in T-type channel-dependent neurotransmitter
release [143].
1583N. Weiss, G.W. Zamponi / Biochimica et Biophysica Acta 1828 (2013) 1579–1586during epilepsy [150]. Membrane hyperpolarization might recruit
T-type channels and low-threshold exocytosis that could contribute to
epileptic seizures. Moreover, although the contribution of T-type chan-
nels in global free Ca2+ elevations during evoked-depolarization is
rather small in comparison to the robust Ca2+ entry via HVA channels,
their comparatively slow deactivation keeps these channels openlonger upon repolarization, generating a large Ca2+ tail current [151]
that might ensure exocytosis over the entire duration of the action
potential.
Finally, although T-type and HVA Ca2+ channels are specialized in
sub-threshold and evoked-neurotransmitter release, respectively,
they utilize similar molecular mechanism to functionally couple to
1584 N. Weiss, G.W. Zamponi / Biochimica et Biophysica Acta 1828 (2013) 1579–1586the vesicle-docking/release machinery. This may underscore the
fundamental evolutionary importance of localizing the exocytosis
machinery close to the source of Ca2+ entry.
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